Abstract Insulin resistance occurs in HIV-infected individuals and is associated with HIV-associated neurocognitive disorders (HAND). However, the mechanisms involved are not well understood. Previously, we showed a correlation between soluble insulin receptor (sIR) and HAND. Here, we investigated if binding of free insulin to sIR and soluble insulin-like growth factor-1 receptor (sIGF1-R) levels are associated with sIR in HAND. Thirty-four (34) HIVseropositive women stratified by cognitive status and five HIV-seronegative women were evaluated. In a subgroup of 20 HIV positive and 5 donors, binding of plasma insulin to sIR was determined by ELISA assay of residual insulin levels in plasma immuno-depleted with anti-IR-monoclonal antibody-Sepharose beads. sIR and sIGF1-R levels were determined by ELISA. Nonparametric statistics were used. Higher percentages of insulin bound to sIR significantly correlated with sIR levels and were associated with HAND status. Higher levels of plasma sIGF1-R had a positive correlation with sIR levels (p=0.011) and were associated with HAND (p=0.006). No correlations were observed with age, viral-immune profile, antiretroviral therapy, or TNF. This study suggests that changes in sIGF1-R levels and insulin binding to sIR may contribute to HAND.
Introduction
There is an urgent need to better understand age-related comorbidities in people living with HIV/AIDS (PLHA) (Cahill and Valadez 2013) . With the use of combined antiretroviral treatment (cART), PLHA are living longer and may present with premature aging either by HIV infection, the long-term effects of cART, or both. Blood glucose metabolism abnormalities such as insulin resistance and diabetes are one set of age-related comorbidities that have been associated with cognitive impairment in PLHA (Valcour et al. 2005 (Valcour et al. , 2006 . These metabolic abnormalities have been linked to the use of cART specially protease inhibitors in several cohorts (Lee 2004; Brown et al. 2005; Tebas 2008; Lo et al. 2009; Nachega et al. 2009 ), but not in others (Howard et al. 2005; Danoff et al. 2005; Tien et al. 2007; Sobieszczyk et al. 2008) . Hence, there is a need to identify other factors that could contribute to the development of insulin resistance in this population. One such factor is insulin receptor dysfunction. We previously showed that soluble insulin receptor (sIR) levels are increased in the plasma of HIV-seropositive women and that in these women, increased sIR levels are associated with cognitive impairment (Gerena et al. 2012) . Thus, IR dysfunction may play a role in HIV-associated neurocognitive disorder (HAND) and could represent a biomarker for the presence and severity of HAND.
The insulin receptor and the insulin-like growth factor receptor-1 (IGF1-R) have essential roles in glucose metabolism, energy homeostasis, neuronal growth and survival, and synaptic plasticity (Bateman and McNeill 2006; Schulingkamp et al. 2000; Chiu and Cline 2010; Huang et al. 2010 ). IR and IGF1-R bind the structurally homologous proteins insulin and IGF1, respectively. In the CNS, insulin and IGF1 are responsible for cell proliferation, differentiation, and survival during development (de Pablo and de la Rosa 1995; O'Kusky et al. 2000) and in adulthood (Brooker et al. 2000; Aberg et al. 2003) . The IR and IGF1-R are closely related receptor tyrosine kinases (van der Geer et al. 1994) and show similar structural and ligand binding mechanisms (Alvino et al. 2011) . A decrease in the tyrosine phosphorylation levels of the cellular IRS-1 can contribute to the development of insulin resistance and diabetes in humans (Carvalho et al. 1999) . The soluble insulin receptor group indicated that any form of soluble insulin receptor may contribute to insulin resistance by sequestering free plasma insulin (The Soluble Insulin Receptor Group 2007). Indeed, in our previous study, we found a significant decrease in IRS-1 tyrosine phosphorylation in HIV-seropositive women with symptomatic cognitive impairment compared to those with normal cognition (Gerena et al. 2012) .
Based on these observations, we investigated if changes in binding of free plasma insulin to sIR were associated with the presence and severity of HAND in a cohort of HIV-seropositive women. In addition, we quantified the levels of soluble insulin-like growth factor-1 receptor (sIGF1-R) and how they might correlate with the severity of HAND in these women.
Methods

Participants and study design
This is a retrospective cross-sectional study nested in the Hispanic/Latino longitudinal cohort of women and used that patient database information and sample repository. This study was approved by the University of Puerto Rico Medical Sciences Campus (UPR, MSC) Institutional Review Board, and all participants signed a written informed consent. This cohort is part of the NeuroAIDS Specialized Neuroscience Research Program (SNRP) at the UPR, MSC. This is a unique cohort of Hispanic HIV-seropositive women characterized longitudinally with viral and immune profiles, neurological exams, and neuropsychological tests. Thirty-four (34) HIV-seropositive women without history of diabetes and five HIV-seronegative controls were evaluated as described previously (Wojna et al. 2006; Gerena et al. 2012 ).
Description of procedures undertaken
Ethics, participant evaluations, and neurocognitive testing After giving their consent to take part in this IRBapproved research project, individual participants were asked to provide demographic and medical history information, given a macroneurological exam, and had blood samples drawn for laboratory analysis. The information included age, most likely mode of HIV transmission, nadir and current CD4 cell count, and actual antiretroviral treatment. Plasma viral load was determined using an Ultrasensitive RNA Roche Amplicor at an AIDS Clinical Trials Group (ACTG)-certified laboratory. Neurocognitive testing was performed as described previously (Wojna et al. 2006; Gerena et al. 2012) . HIVseropositive women were grouped according to their cognitive performance into normal cognition (NC, n= 11), asymptomatic impairment (AI, n=8), and symptomatic impairment (SI, mild cognitive motor disorder [MCMD] plus HIV-associated dementia [HAD], n=15).
Characteristics of HIV-seropositive women
When the HIV-seropositive women were grouped by cognitive performance, no significant differences were observed between groups with regard to age, current CD4 cell count, plasma viral load, body mass index (BMI), coinfection with hepatitis C virus, or toxicology (p>0.05). Nadir CD4 cell count was significantly higher in the AI group (p=0.04), and the Beck depression index (BDI, p<0.001) was significantly higher in the SI group. Most of the HIV-seropositive women were using cART (94 %, or 32 of the 34 women). There were no significant differences among groups with regard to specific cART regimens, use of protease inhibitors, or CNS penetration effect (CPE, Letendre et al. 2010) (Table 1 ).
Blood sample preparation
Fresh blood samples were drawn from each patient and collected in acid citrate dextrose (ACD) tubes. Plasma samples were obtained after centrifuging the blood samples twice at room temperature for 10 min at 355×g. A plasma aliquot of 700 μl was used for viral load determination, and aliquots of 500 μl were used to determine sIR full-length levels, binding of free plasma insulin to sIR full length and levels of sIGF1-R.
Soluble insulin receptor full-length assay
Plasma soluble insulin receptor full-length (sIR-αβ, intact) levels were previously determined and published in Gerena et al. 2012 . Briefly, levels were determined by incubating with an anti-IR ectodomain antibody (1:1000) (Abcam, Cambridge, MA) for 2 h at 20°C and a FITC-secondary antibody (Abcam, Cambridge, MA). Samples were analyzed in a Cytofluor 4000 (Applied Biosystems, CA) using 485/ 530 nm excitation/emission filters.
Soluble insulin-like growth factor-1 receptor assay
Plasma total sIGF1-R levels were measured using a commercial ELISA kit (Abcam, Cambridge, MA) following the manufacturer's instructions. In brief, 100 μl of each plasma sample, standards, and positive and negative controls were loaded into wells of a 96-well plate coated with an antibody against human IGF1-R. After addition of reagents, incubations, and Fig. 1a) b Previously determined and published in Gerena et al. 2012 , Table 3 c Significant association was observed between donors and AI (p=0.004) and SI (p=0.002) and between NC and AI (p=0.005) and SI (p=0.013)
d Same findings as with insulin bound to sIR (%) but with an inverse direction (see Fig. 1c) washes, the optical density of each well was measured using a microplate reader set to 450 nm. All samples were analyzed in triplicate and measurements repeated twice. Standard curves were run in duplicate in each assay.
Plasma insulin binding to sIR
Aliquots (50 μl) of plasma samples were diluted with 100 μl insulin-binding buffer (50 mmol/l HEPES-NaOH, pH 7.4, 150 mmol/l NaCl, 1 % BSA, 0.1 % Tween 20) and immuno-depleted with anti-hIRβ-specific monoclonal antibody-protein A-Sepharose beads for 16 h at 4°C with gentle agitation. The levels of unbound insulin to the sIR were measured using an insulin ELISA kit (R&D Systems) in depleted and undepleted samples.
Determination of plasma TNF-alpha
Higher plasma tumor necrotic factor alpha (TNF-α) levels have been associated with decreased IRS-1 phosphorylation (Hotamisligil 2006) . The levels of TNF-α were measured as previously described (Gerena et al. 2012 ).
Statistical analyses
We compared sIR and sIGF1-R levels in plasma between three groups: HIV-seropositive women stratified by cognitive impairment into NC, AI, and SI. Because the data was not normally distributed, these comparisons were made using nonparametric correlations (Spearman's) and associations (Kruskal-Wallis or Mann-Whitney tests). Using a similar statistical technique, we compared levels of plasma insulin that were unbound and bound to the sIR between the HIV-seropositive women stratified by cognitive performance. All statistical analyses were performed with SPSS version 13 (IBM SPSS Statistics) and graphs with GraphPad Prism version 5. A p>0.05 was considered significant.
Results
Soluble insulin receptor full-length levels
These results were previously published in Gerena et al. 2012 . Briefly, among HIV-seropositive women stratified by HAND status, higher levels of plasma sIR full length were associated with worse cognitive performance.
Soluble insulin-like growth factor-1 receptor levels
Among HIV-seropositive women stratified by HAND status, there were higher levels of plasma sIGF1-R associated with worse cognitive performance (p=0.006, Table 1 , Fig. 1a ).
There was no significant difference in sIGF1-R levels between controls and HIV-seropositive women with NC. However, significant differences were seen between the NC and AI groups of HIV-seropositive women (p=0.001) and between the NC and SI groups (p=0.027, Table 1 , Fig. 1a ). These findings are similar to those we previously observed for sIR full length (Gerena et al. 2012) . A positive correlation between plasma sIR and sIGF1-R levels was observed (rho=0.475, p=0.011, n=28, Fig. 1b) . No correlations were observed between TNFα, sIGF1-R, and sIR and between plasma HIV RNA, sIGF1-R, and sIR.
Plasma insulin binding to sIR full length
When HIV-seropositive women were stratified by HAND status, a higher percentage of plasma insulin bound to sIR full length was associated with worse cognitive performance (p<0.001). Conversely, a decreased percentage of unbound insulin correlated with worse cognitive performance (p<0.001, Table 1 , Fig. 1b) . No significant differences in bound and unbound insulin levels were seen between controls and HIV-seropositive women with NC. However, significant differences were observed between controls and HIVseropositive women with AI and SI (p=0.004 and 0.002, respectively). Among HIV-seropositive women, significant differences were observed between those with NC and those with AI and SI (p=0.005 and 0.013, respectively, Fig. 1c , Table 1 ). No correlations were observed between binding percentage and age, hepatitis C virus infection, plasma HIV RNA levels, CD4 cell count, antiretroviral therapy, or TNF levels.
When analyzing for the percentage of insulin unbound to sIR, the findings are the same but in the opposite direction (Table 1, Fig. 1c ).
Discussion
Insulin and IGF1 together control many aspects of glucose metabolism and growth in a wide range of mammalian tissues through the activation of both insulin and IGF1 receptors. We previously showed that higher levels of plasma sIR full length were associated with worse cognitive performance among HIV-seropositive women stratified by HAND status. In addition, our cohort showed a significant decrease in IRS-1 tyrosine phosphorylation between HIV-seropositive women with normal cognition and symptomatic impairment (Gerena et al. 2012) . Decreased IRS-1 levels and tyrosine phosphorylation are good biomarkers for insulin resistance, but no studies to date have evaluated plasma sIR as a measure of and contributor to insulin resistance in HIV-infected patients. Because the sIGF1-R shows close similarities to the IR in structure, ligand binding, and signaling pathways, we decided to quantify sIGF1-R levels in the plasma of HIV-seropositive women and learn how they might correlate with plasma sIR levels and the presence and severity of HAND in these patients.
In this study, we observed a significant positive association between sIGF1-R full-length levels and the presence and severity of HAND, similar to the association we previously observed between sIR full-length levels and HAND (Gerena et al. 2012 ). In addition, we observed a positive correlation between sIR and sIGF1-R levels in the plasma of these patients (rho=0.475, p=0.011, Fig. 1a, b) . These findings may suggest that similar or coordinated cellular mechanisms are responsible for the secretion of both receptors to the plasma of these patients. Soluble receptors can be generated by several mechanisms such as alternative splicing of the mRNA transcripts, exosome release of full-length receptors, virally encoded soluble receptors, damaged tissues, and the proteolytic cleavage or shedding of cell-surface receptor ectodomains (Levine 2004 (Levine , 2008 . However, our previous studies revealed no significant association between plasma sIR α ectodomain levels and the presence and severity of HAND (Gerena et al. 2012) . We also explored the possibility that the HIV can synthesize a sIR homologue by the mechanism of virally encoded soluble receptors. However, after aligning the gene sequences between HIV and sIR, we found no homology (data not shown). Thus, the other aforementioned mechanisms may be responsible for the secretion of soluble full-length insulin receptors to the plasma of these patients. Presently, there are no treatment options for patients HIV ( -) p=0.009* p=0.001* p=0.027* Fig. 1 Plasma soluble insulin-like growth factor-1 receptor (sIGF1-R) levels and insulin binding to soluble insulin receptor (sIR) full length in HAND patients. a The sIGF1-R was measured by ELISA in plasma of HIV-seropositive women (HIV+) (n=34) stratified by HAND into normal cognition (NC, n = 11), asymptomatic impairment (AI, n =8), and symptomatic impairment (SI, n=15); and 5 HIV-negative controls (HIV-). Among HIV-seropositive women stratified by HAND status, higher levels of plasma sIGF1-R were associated with worse cognitive performance (p=0.006). There was no significant difference in sIGF1-R levels between controls and HIV-seropositive women with NC. However, significant differences were seen between the NC and AI groups of HIVseropositive women (p=0.001) and between the NC and SI groups (p= 0.027). b A positive correlation was observed between the levels of sIR and sIGF1-R in the plasma of these patients (rho=0.475, p=0.011, n= 28). c The percentages of insulin bound to the sIR (light grey) were significantly increased between HIV-negative controls (n=5) and HIVseropositive women (n=20) with the presence and severity of HAND (NC [n=6] ; AI [n=6]; SI [n=8]) (see p values between group comparisons at the right). HIV+ patients with SI had significantly higher percentage of insulin bound to the sIR than HIV+ NC and AI. The inverse relationship was observed with the percent of insulin unbound to the sIR (dark grey) with HAND, therefore further studies are warranted to better understand the mechanisms involved and their contribution to the development and progression of insulin resistance and cognitive impairment (Buch 2014) . Previous studies have shown that plasma insulin can be sequestered by sIR subunits in patients with diabetes (Soluble Insulin Receptor Group 2007) . In our study, we observed a significantly increased binding of plasma insulin to sIR full length in patients with worse cognitive performance. Significant amounts (>60-80 %) of insulin were bound to the plasma sIR (Fig. 1c) of HIV-seropositive patients with symptomatic impairment. As we know, both receptors are activated through the binding of insulin or IGF-1 to their extracellular alpha domains in the membrane of the target tissue cells. Since the two receptors bind insulin with similar affinities (Alvino et al. 2011) , we expect that binding of insulin to the sIR and sIGF1-R may contribute to the insulin resistance observed in HIVseropositive patients. One of the limitations of this study is that we were not able to evaluate blood sugar metabolism, since we used stored plasma samples from patients who had not been given relevant tests (e.g., the oral glucose tolerance test, glycosylated hemoglobin assay, or homeostasis model assessment). However, the participants had no history of diabetes or use of hypoglycemic medications, and glucose tests performed for other reasons had shown normal levels (Gerena et al. 2012 ). Nevertheless, we previously observed in these patients that increased levels of plasma sIR correlated with a significant decrease in IRS-1 tyrosine phosphorylation in CSF leukocytes, a finding that is consistent with insulin resistance (Gerena et al. 2012; Sesti 2006; Petersen and Shulman 2006) .
This study provides evidence that sIR and sIGF1-R are increased in HIV-seropositive women and is associated with cognitive impairment. In addition, we observe that the sIR full length serves as a scavenger receptor since it binds free plasma insulin in HIV-seropositive patients. Our findings suggest that changes in plasma sIR and sIGF1-R could be associated with asymptomatic glucose derangements in HIV-seropositive women using cART and may contribute to the development and progression of HAND. Since early intervention may help prevent the progression of insulin resistance and therefore HAND, it is vital to identify the mechanisms and contributing factors for these comorbidities in HIV-seropositive patients.
